CFPR is considered. We also show that the status of the stock is strongly dependent on the trade-offs generated by both the non-compliance of scientific recommendations and by the short-term economic incentives of the fishing industry. With most fishery resources fully exploited or overexploited in Europe, opportunities for development lie primarily in restoring depleted stocks and catching fish more efficiently, as is the case of the North Sea cod stock.
Introduction
The overexploitation of the world's main commercial fisheries has been well documented [1] [2] [3] [4] [5] [6] . Indeed, the latest scientific evidence shows that overexploitation of marine social-ecological systems is still high [7] . Costello et al. [8] recently found that small and large unassessed fisheries are also in substantially worse condition than assessed fisheries. This is undoubtedly the result of rapid technological development of fishing fleets [9, 10] , which lead to an increasing number of overexploited and collapsed fish stocks over time [11, 12] and a reduction of marine ecosystem services [13, 14] .
One relevant example of this pattern is one of the most important commercial fisheries in the world, the North Sea cod [15] [16] . After years of warnings from scientists, the large fisheries on the coast off Canada collapsed in 1992 [15] [16] and there is strong evidence that this collapse was due to overfishing rather than environmental factors [17] [18] [19] [20] . This was not only because Newfoundlanders enjoyed open access, but also because of the introduction of powerful fishing technologies under weak international controls [21] .
With open access to the resource, all fishing vessels are competing for the same fish stocks: the more fish one catches, the fewer remain for others [2] [3] . Thus, the outcome is a massive overuse relative to the fisheries management that would generate the greatest economic value from a given fishery [5] . Garcia and Grainger [22] estimated economic losses of US$8-16 billion per year for global fisheries around the world. The World Bank [23] also estimated that excess fishing might cost the world roughly US$50 billion a year in net economic losses. Similarly, Ainsworth and Sumaila [24] demonstrated that it was more inefficient under conventional valuation to harvest the cod stock to collapse than it would have been to sustain the population.
Recently, Sumaila et al. [25] revealed that resource rent, net of subsidies from rebuilt global fisheries, could increase from the current negative US$13 billion to positive US$54 billion per year, resulting in a net gain of US$0.6 to US$1.4 billion in present value over fifty years after rebuilding.
According to the study noted above, the European Union (EU) is the most affected area in the world, with a potential annual catch loss of 2.8 million tonnes and a negative resource rent of $4.8 billion per year. On the other hand, both subsidies to the fishing industry [9, 26] and fishing overcapacity have led to a general decline of commercial fish stocks in the EU [1, 9] . According to FAO [7] , the Atlantic cod ranked 10th (in volume) worldwide in 2010 in the list of the most harvested species, but ranked 1st when only demersal species are considered, with a reported volume of 951 thousand t in that year.
Different studies have investigated the optimal fisheries management of the Atlantic cod fishery by using the scenario approach [27] [28] [29] . For example, Lindegren et al. [30] used a food-web model in order to show that only a holistic approach would save the Baltic cod from collapsing. In addition, substantial research efforts have been made on the economic incentives to recover cod populations in the North Sea [31] , the social-ecological interactions between fisheries and aquaculture [32, 33] , the unobserved genetic diversity in fisheries management [16] , the impact of size selectivity capture [34] , the economic benefits of cooperative and non-cooperative fisheries management systems [35] , and the recovery plans for cod stocks [36, 37] . Froese et al. [38] also pointed out that long-term catches in Europe could be 63% higher on average under new harvest control rules, while profits could increase threefold within five years. Rather than demanding the highest possible catches immediately, fishers would be well advised to demand low increases in catches and a fixed upper catch below the theoretical maximum once the stock is fully recovered [39, 40] .
However, research on the economic dimension of the non-compliance of total allowable catches (TACs) by the fleet in the North Sea cod stock remains unexplored and unknown. This topic is particularly important to address especially when discussions on the Common Fisheries Policy reform (CFPR) are currently on going before being in force in 2014.
In this paper, we estimate the real biomass trend and the economic value of catches of the North Sea cod stock (International Council for the Exploration of the Sea areas IIIa West-Skagerrak, IV-North Sea and Division VIId-Eastern Channel), based on scientific reports published by ICES and the annual ex-vessel prices gathered from the Sea Around Us database [41] . The paper also presents estimated results on what the value of catches and biomass would have been if the EU fishing fleet had followed the ICES scientific recommendations (SRs) regarding quota allocation for 1986-2010 period; and what the value of catches and biomass would be for the 2010-2020 period if the EU fishing fleet follows the European Commission's proposal to be applied for the 2013-2022 period.
Although a full valuation of the total economic value of marine resources should include the direct, indirect, option, bequest, and existence values, they are not included in this study. Our study does not include, for example, the economic value of rebuilding to processors, retailers and other economic activities related to the fishery (i.e., transport services, machinery and electronic equipment, etc.). Inclusion of all these other values would involve a much more extensive research that is out of the scope of this study.
Managing Fishery Resources under TAC Regulation
Even though most nations are committed in theory to protect marine ecosystems, it is still common-usual in fact-for fishery scientists to recommend catches based on the health of a given commercial fish stock, combined with profitability issues, in making their SRs. On the one hand, international and national strategies place high value on protecting marine ecosystems, while in practice catches are based on science which does not necessarily seek to protect fundamental ecosystem functions. For example, under the CFPR, ICES is typically requested to provide catch advice on a stock-by-stock basis, as most of the stocks on which ICES advises are managed using stock-specific TACs, although other fishery management measures are frequently used as well.
In the case of TAC regulation, when the volume of catches that are allowable for each State is annually determined, the European Commission uses SRs made by scientists from ICES through its Advisory Committee for Fisheries Management, which takes into account the scientific advice of the Scientific, Technical, and Economic Committee on Fisheries and Aquaculture. Then, the European Commission publishes a proposal for a TAC scheme. Finally, after arduous negotiations, the final proposal is approved by the European Council [42] . Later on, these TACs are distributed amongst member States, following an automatic mechanism known as the principle of relative stability, where three elements are taken into consideration: (i) catches made by member States in the 1973-1978 period, (ii) the loss of fishing possibilities in third countries as a consequence of the establishment of the Economic Exclusive Zones and, (iii) special needs of fishing dependent communities over time.
The practice showed that fragile commitment agreements have prevailed, by simplifying the allocation of fishery resources to a pragmatic negotiation in which most intervening parties are satisfied, without considering the impact that the TAC system may have both on resources and on the fishing industry [36] . As result, the implementation of the TAC mechanism has received widespread criticism by the scientific community [1, 9, 29, 36, 38, 39, 43, 44] . These criticisms range from arguments based on the negative impact of TACs on marine ecosystems in the North Atlantic Ocean [45] , the need to discuss the analysis of economic benefits [46] , the limitations to the individual rights of fishing [26] , the generation of a considerable volume of illegal fishing [47] , the high impacts on the sustainability of deep-sea species [44] , and the lack of enforcement by national authorities [36, 44] .
As a result of the mismanagement of the fishery [29, 44, 48, 49] , the spawning stock biomass (SSB) declined to the lowest historical level in 2006 with catches consisting mostly of immature fish [48] . Recruitment figures since 2000 have also been low. The proportion of discards is still high relative to the historical period, and the main sources of uncertainty are the estimation of unallocated removals and the assumption of fishing mortality (F) [48] . [48] pointed out that although there has been a gradual reduction in the value of F and discards in the last years, the management plans for North Sea cod have not controlled F as envisaged (See also Table TS2 of the Supplementary Material).
To illustrate, Figure 1 shows that landings of North Sea cod are, in average, 2.2 times higher than TACs under the current management plan (F management plan ) in the 2008-2012 period, and 1.7 times higher in the previous period (2002) (2003) (2004) (2005) (2006) (2007) to the implementation of the plan. In a sense, this overshooting level (i.e., the degree of compliance of fishing quotas) may be understood as an unsuccessful result of the TAC mechanism due to the lack of enforcement of the management plan. But there are other factors that complicate the current stock assessment. As Ulrich et al. [49] pointed out, mixed fisheries simulations provide an indication of the potential implementation error in North Sea cod advice, with current F being higher than stipulated in the cod long-term management plan.
Moreover, since the introduction of effort control associated with the cod long-term plan (Council Regulation (CE) No. 1342/2008), there is some evidence that fishing effort could be displaced towards other lobster grounds where effort control has not been put in place yet. Kraak et al. [50] also found that fishing mortality reductions have not been achieved since the implementation of the cod plan. Source: own elaboration from [45] . F pa stands for precautionary reference point for fishing mortality (mean over defined age range) and F lim for limit reference point for fishing mortality (mean over defined age range).
Furthermore, ignoring the human dimension of fishers as reactive agents in the design, the impact assessment, and the annual implementation of the measures has contributed to the failure to adequately implement the plan and achieve its objectives [51] . As Folke et al. [51] and Villasante [52] already stated, if current unsustainable paths of EU fisheries are to be reversed humans need to be included in the decision-making process as a component of EU marine social-ecological systems. With an improved understanding, recommendations to ensure ecosystem performance and resilience can be developed that incorporate the view of marine ecosystems as complex adaptive systems with non-linearities, discontinuities, and multiple-stability domains and thresholds. However, it is important to highlight that although ecosystem-based management explicitly includes humans as part of social-ecological systems, in practice, current interpretations of the approach fall short of any real consideration [51] .
Material and Methods

The North Sea cod Stock (Gadus Morhua)
The North Sea cod is an epibenthic-pelagic species that is widely distributed in a variety of habitats [53] . The cod populations in EU waters under TAC regulation included in this study are found in the following ICES areas: IIIa West (Skagerrak), IV (North Sea), and Division VIId (Eastern Channel). North Sea cod stocks are mainly exploited by fleets from Belgium, Denmark, the Netherlands, Germany, France, Sweden, Norway, and the United Kingdom [48] . (See Table TS1 of the Supplementary Material for term definitions and detailed data used in this paper.) According to estimates reported by ICES [45] and Agnew et al. [47] , these fleets account for most of the total removals of the species from the sea-including official catches, discards, and Illegal, Unreported and Unregulated (IUU) fishing-across the EU in the 1986-2010 period.
Using (three) Scenarios to Estimate the Economic Value of North Sea Cod
The economic value of the biomass of North Sea cod in the ICES areas mentioned above are estimated under various scenarios and periods by following the methodology proposed by Antelo et al. [54] . Production of a fish stock is the sum of the population weight (biomass) augmented by recruitment and growth, minus the loss from natural mortality. Fishing mortality (F) is the only variable in the production function that can be directly controlled by fisheries management. Fisheries management cannot control spawning-stock biomass (SSB), it can only influence it through F [55] .
Production can be highly variable but, on average, it is related to stock size (often expressed as SSB), which in turn depends on F. That is, for each F, there is a long-term average production and an average stock size. The relationship between F, production, and stock size is called the production function [45] . Surplus production, in turn, is the catch that can be harvested without changing the stock size. Catches will be dependent on the level of TACs allocated for the fishery. This is why we assume that TACs are correlated with a given F over time [45] .
In sum, we use a surplus production model to estimate the stock value according to the time series data of the total landings and biomass provided by ICES [49] . Our goal is to compare the real situation of the stock (by using published ICES reports with information of catches, discards and IUU catches) compared to different hypothetical future scenarios. This method requires estimating the volume of future biomass, catches and prices. To estimate the value of the stock biomass, we employ a surplus production function to time series data for total landings and biomass provided by [56] . The resulting production function is given by:
where stands for total biomass in period t, −1 measures total biomass in period t − 1, • is a function that measures natural growth of the stock, and −1 denotes the volume of catches (i.e., reported catches, discards and Illegal, Unreported and Unregulated catches) in period t-1. In addition, because the volume of discards are not marketed at seafood markets, they were not included in the economic valuation of the stock, despite that the higher the volume of discards, the higher the risk to reduce the abundance of the stock. We choose a logistic function for • and the production function stated in (1) becomes
where is the intrinsic rate of population growth and 0 measures the unexploited total biomass. The value for total biomass at the initial time point during the analysis period was taken from ICES reports on the cod populations selected. Particularly, 0 was estimated as a fraction of the target biomass that produces a maximum sustainable yield (MSY), msy ; specifically, msy = 50 − 75% of 0 [57] . In particular, we assume here that msy = 62.5% of 0 . It has been a traditional fisheries objective to achieve single species MSY, and most management regimes have been built around this framework.
Values of msy = 2,345,494 tonnes and = 0.57 were taken from [56] . We used the intrinsic rate of population increase rate used by Froese and Proelss [56] for 54 European Union fish stocks. The intrinsic rate of population increase g as obtained iteratively from the equation below described in [56] :
where is the slope at the origin of the spawner-recruitment curve when the number of recruits is taken as the number surviving to maturity and spawners are expressed in numbers, i.e., is the spawner-recruitment curve when the spawners or the maximum annual reproductive rate at low population densities.
Data for ex-vessel cod prices were taken from Sea Around Us database and are expressed in real 2000 prices once conveniently adjusted by the consumer price index. The primary data in the Sea Around Us database are nominal ex-vessel prices, in most case obtained by dividing officially reported landed values by landings. Ex-vessel prices and landed values are presented in US$ to allow a uniform basis for comparison. Given that the starting point for the data is always local ex-vessel prices in local currency, we converted them into US$ equivalents. In the Sea Around Us database, nominal and real ex-vessel prices and landed values are presented. The real values were determined by using local consumer price indices (CPI) to convert local nominal ex-vessel prices into real (year 2000) ex-vessel prices. These are then converted into year 2000 US$ equivalents.
Here two periods were considered: the 1986-2010 period and the 2010-2022 period. The first period is intended to evaluate how the value of catches and the value of stock itself evolved before the CFPR and the second one to assess how the pattern could be after the CFPR. Although the CFPR will be in force in 2013, it is necessary to -extend‖ the period of analysis to 2010-2022 in order to have an initial value of the biomass as a parameter for the model. Since the value of the biomass closest to the 2013-2022 period is that which corresponds to year 2010, the 2010-2022 period is examined.
The 1986-2010 Period
In this period the (real) economic value of landings and that of the stock in the end of the period is calculated by using total removals of cod from the sea (i.e., reported catches, discards and IUU catches). We also estimated the economic value of landings as well as that of the stock at the end of the period if the reported catches had the corresponding SRs and TACs. This situation is referred as Scenario 1. As stated by Hilborn and Walters [55] , when a given stock recovers over time, the fishers' behaviour usually lead to an increase catches. That is, it is necessary to evaluate what would have happened if fishers followed the simulated SRs and TACs in order to investigate whether the simulated trajectory of the biomass would have deviated from its trajectory. This requires the endogenization of the SRs and the TACs [55] by formally applying (1) and (2) . It is important to highlight that when endogenezing catches by using the surplus production model and assuming that future catches will follow SRs and/or TACs, the results of the model should indicate that the stock tends to recover over time. Therefore, this does not require a reduction of the catches in the future because of the better status of the stock.
As Antelo et al. [54] proposed, the proportion of SRs and TACs over biomass is estimated by using biomass data reported by ICES. In the case of the North Sea cod, SRs represented in average 40% of the total biomass reported by ICES, while TACs accounted in average for 42% of the total biomass. Both values were calculated as the average values of SRs/catches and TACs/catches respectively in the 1987-2000 period. To calculate these average values, the 2001-2010 period was not included because scientists from ICES directly recommended the closure of the fishery [48] . (See TS1 of the Supplementary Material.) Additionally, the annual ex-vessels prices of cod provided by Sea Around Us database are used as a proxy for average prices of North Sea cod because neither ICES nor FAO reported information on ex-vessel prices of catches in the 1986-2010 period.
Using the total landings reported each year of this period and the price per tonne of the landings, we estimated a linear relationship between cod catches and prices (in US$ per tonne). This relationship, which attempts to quantify the inverse demand function of North Sea cod, is given by: where denotes the cod price for each year and indicates the reported catches (in tonnes) of cod for each year . The results provided by the econometric models used in this paper have been obtained by using the free software gretl v. 1.9.11 [58] . The value of R 2 coefficient of the estimation given in (4) amounts to 0.3646. However, the value of Durbin-Watson statistic associated with this linear model, 0.6830, suggests the existence of autocorrelation between the residuals of the model. Indeed, the analysis of the autocorrelation and partial autocorrelation functions confirms the existence of second order autocorrelation. Hence, the estimate given by equation (4) is not accurate. For that reason, we developed a more complex model than (4) to quantify the inverse demand function as follows:
where 0 and 1 denote the coefficients of the regression model and represents the residuals of the regression model for each year t. Under second order autocorrelation (AR2), residuals are given by the model:
where −1 and −2 denote residuals of the regression model for years t − 1 and t − 2 respectively, 1 and 2 indicates the coefficients of the model, and the residuals that are distributed as white noise. In order to estimate this autoregressive model we used the Cochrane-Orcutt method and the results are given by the following expressions: 
where all parameters are significant at the 1% level. The value of R 2 coefficient of the estimation given in equations (7) and (8) is 0.8309 and the value of Durbin-Watson statistic is 1.6458, which is within the accepted bounds that reject the existence of autocorrelation. Cod catches are therefore endogeneized under the assumption that they would follow SRs and TACs [56] . In each scenario and for each year t , the economic value of catches is calculated by multiplying the volume of catches in that year by unit prices. Such a price is then obtained by including the volume of catches (and not the remaining stock) into the demand function given by equations (7) and (8) . Hence, we can estimate the stock value in economic terms. Finally, the discounted economic value of the remaining stock under each scenario is obtained by multiplying the volume of biomass in each period t by the estimated price of the stock for that year. To discount economic values over time, we assume an interest rate = 0.025. It is the long-term interest rate currently observed on financial markets and also the rate that many authors (for example, [59] [60] [61] ) consider more appropriate to determine discounting factors in goods and services from the natural environment. Figure 2 illustrates the predictive capacity of the surplus production model given by equation (2) . In particular, it can be seen that when we compare data from reported biomass by ICES for the 1986-2010 period and simulated data by our model, Figure 2 shows a similar pattern over time. In fact, the correlation coefficient between reported values and simulated values amounts to 0.875. This finding allows us to validate the surplus production model used which is necessary to estimate the evolution of the biomass under different scenarios for which ICES do not provide data. Specifically, these scenarios are either simulated contexts (evolution of biomass if catches would have been followed SRs and TACs during the 1986-2010 period) or future scenarios (i.e., future catches, SRs and TACs during the 2010-2022 period). Source: own elaboration from [45, 48] and our model.
The 2010-2022 Period
As recognized by the European Commission Green Paper (COM (2009) 163 final) and the Communication from the Commission on Reform of the CFP (COM (2011) 417 final), the resource allocation system based on the TACs and quota regime and inspired by the principle of relative stability will maintain its basic principles. In addition, the European Commission proposal provides for the implementation of a ban on discards. Assuming this new approach, and considering that this policy is overly optimistic, we adapted our model to simulate the cod biomass (both in volume and value) for 2013-2022 period under two scenarios that are more realistic than that provided by the proposal of the CFPR. Thus, for 2010-2022 period two different scenarios are analysed; namely:
(a) The estimated economic value of the stock is calculated considering that the pattern of catches, discards and IUU catches reported for 1986-2010 period will be maintained throughout the 2010-2022 period (Scenario 2), and (b) The estimated economic value of the stock is also calculated by assuming a 50% reduction of discards and catches from IUU fishing during the 2010-2022 period (Scenario 3).
Results and Discussion
The Real Economic Value of North Sea Cod Stock (1986-2010)
Considering the current prices of cod observed in the seafood market for the 1986-2010 period, and using 2.5% as the long-term interest rate to determine the discount factor over time, the economic value of North Sea cod catches have been about US$7 billion as recorded in Table 1 . In addition, if catches have had followed the SRs, both the volume of catches ( Figure 3 ) and their economic value ( Figure 4 ) would have been much greater than their current values. Source: own elaboration from [45, 48] and Sea Around Us Database.
In particular, the economic value of catches would have reached US$20.7 billion due to the recovery of stock biomass. On the other hand, if catches have had followed the TACs, their value would have reached US$19.5 billion ( Table 1 ). The reason is that with the increase of stock abundance, the seafood market would have responded favourably to this new situation. The fishing industry would not be the only beneficiary of the increased economic value of its catches; it would also benefit consumers who would have increased access to a high protein food source, which in turn would contribute to achieve the following Millennium Development Goals (MDG) [13, 62] : (a) Goal 2 (assuming that if through fishery activities incomes increase, it is expected that school attendance is likely to improve), (b) Goal 3 (Women are further empowered through trading in fish, and by facilitating various kinds of Enterprise), (c) Goals 4 and 5 (Child and maternal health conditions would improve if fisheries can contribute either directly or indirectly to reducing hunger and improving nutritional levels) and (d) Goal 7 (Properly managed fisheries ensure that environmental capital and services are preserved for future generations) [62] . Figure 5 shows that the increase of total biomass that would have occurred if the EU fishing fleet had complied with TACs would have resulted in a lower price per tonne landed over time. In addition, these lower values are observed not only under TACs but also under SRs estimates due to the fact that the values used to estimate prices by using the model presented in equations (6) and (7) are similar.
Estimating the Economic Value of North Sea Cod Stock Period Under Scenarios 2 and 3
In this subsection two estimated economic values of the stock for the 2010-2022 period are presented. First, the value for estimated catches and the value of the biomass in the end of that period once the SRs and the TACs have been estimated year by year (Scenario 2). Second, the same is done taking into account the CFPR's proposal of a 50% reduction of discards in the 2013-2022 period (Scenario 3). The discards reduction proposed by the European Council (Press release 3225th Council Meeting, Agriculture and Fisheries, Brussels, 25-26 February 2013) is higher (90%) than the one used in this paper. However, we assume a more conservative value taking into account the history of the European negotiations in the field of fisheries management. The estimated value of cumulated catches plus that of the biomass in year 2022 under the new CFPR is intended to illustrate what might happen with the North Sea cod fishery in the future ( Figure 6 ). Source: own elaboration from [45, 48] and Sea Around Us Database.
Although this estimate represents a simplification of the potential population dynamics of the stocks, the future path of the fishery will be determined largely by actual catches [23, 25] . Future catches will also be influenced by any variation in the growth of the stock, which may cause an increase or decrease in future biomass depending on the degree of exploitation [23, 25] . As noted above, under Scenario 2 it is assumed that catches do not follow the SRs and TACs proposals for each year, but their pattern continues to be similar to that of the 1986-2010 period.
As Figure 7 shows, the value of annual catches if they respected SRs and TACs would be substantially higher than the real economic value of reported catches. In that case, the actual economic value of catches would amount to about US$145 million annually and the value of remaining biomass in 2022 to only US$93 million, which is substantially lower than US$ 271 and 248 US$ million respectively, predicted by our model if catches follow the SRs and TACs. Source: own elaboration from [45, 48] and Sea Around Us Database.
The total economic value of the catches during this period would amount to only US$1.3 billion, which is well below the value if TACs or SRs were followed (US$2.5 billion and US$2.6 billion, respectively). In addition, the economic value of the remaining stock in 2022 would be substantially lower with respect to the cases in which the catches would follow both the SRs and the TACs as shown in Table 2 . On the other hand, the estimated biomass (both in volume and value) under Scenario 3, which considers a 50% reduction of discards during the new CFPR for 2013-2022 period, recovers faster because of the restrictive measures that could potentially adopt the European Commission (see Figures  8 and 9 ). Source: own elaboration from [45, 48] and Sea Around Us Database. Source: own elaboration from [45, 48] and Sea Around Us Database.
In fact, assuming that the catches follow a 50% discard reduction proposed by the European Commission, the economic value of catches during the whole period would amount to US$1.9 billion as reflected in Table 3 . By contrast, if the fishing industry harvests the catches recommended by scientists, their economic value would be US$2.6 billion, and the cumulated value of the fishery would amount to US$3.4 billion, which is higher than the cumulated value if catches operates on a short-term basis rather than a long-term horizon. Indeed, current catches are so high that the economic value of the remaining biomass in the future would amount only to US$149 million.
Conclusions
The main contribution of this paper is to address an important although rarely discussed issue: the continual failure of fishery managers (not just in the EU) to promote long-term industry stability ahead of short-term pressures from fishers trying to pay off their bank loans with immediate profits. As suggested by the results presented here, the fishing industry seems to prefer high short-term profit with an uncertain industry future, over lower immediate profits with greater chance of both ecological and economic sustainability. This is consistent with the predictions made by theoretical models of fisheries management [22] [23] [24] [25] 29, 31, 36, [38] [39] [40] [41] 55, [63] [64] [65] [66] [67] , including the emergence of the competitive fishermen's behaviour as the primary outcome [42, 57, 64] . Although direct policy implications from the findings of this paper are limited in scope because of the hypothetical scenarios, it provides a good point of departure to incorporate new scientific evidence into current CFPR's discussions.
It is important to highlight some limitations of the study related not only to the data used but also due to the fact that the stock assessment of this fishery is subjected to a number of uncertainties. First, there is a discrepancy between the information coming from commercial catch and the scientific survey used for tuning the assessment, resulting in the estimation of unallocated mortality and catches [48] . Second, the proportion of landings, discards, and unallocated (unaccounted) removals is difficult to anticipate, and this is a weakness in the estimation of predicted landings, and thus of the TACs advice [48] . Third, there is no documented information on the source of these unaccounted removals; while it has been previously assumed that they originate mostly from fishing activities, changes in natural mortality may also have an influence [48] . Fourth, revision of recruitment data may influence the stock-recruitment relationship and may therefore affect the estimates of reference points [48] .
Climate change will further exacerbate the challenges currently facing global fisheries, as it has begun to alter ocean conditions, particularly water temperature and biogeochemistry [68] . Changes in ocean temperature will change the natural growth rate of the resource [69] , which will have economic impacts on the fishing industry [70] . Because the geographical location and range of many fish stocks are likely to change, possibly quite dramatically [68] , allocation of TACs shares to member States may become increasingly anomalous, thereby resulting in various kinds of strain on the CFPR and the principle of relative stability [71] . Under these circumstances, harvest rates should be lower than has been assumed, especially when the level of uncertainty is high [63] .
In addition, it is also important to emphasize that we pointed out the existence of social-ecological synergies and trade-offs between biological (in the form of scientific recommendations, TACs and quotas) and economic (i.e., value of landings and prices) dimensions of the North Sea cod. We also showed that the status of the stock is strongly dependent on the trade-offs generated by both the noncompliance of scientific recommendations and by the short-term economic incentives of the fishing industry. Cascading social-ecological interactions can create vulnerabilities, but can also provide important opportunities to develop more sustainable paths and methods to assess the performance of fishery resources with humans considered to be an integral piece of the puzzle [72] . In other words, it is highly necessary to shift from simply managing natural resources with a vision of the environment as an externality, to fostering the stewardship of interdependent social-ecological systems [52, [72] [73] [74] .
With most fishery resources fully exploited or overexploited in Europe, opportunities for development lie primarily in restoring depleted stocks and catching fish more efficiently, as is the case of the North Sea cod fishery. Our study also demonstrates that while policy makers must assist fishermen during the early years of the program, fishermen will experience greater landings and profits in following years [56] . Fish populations could strongly increase and generate more economic output if fishing pressure was reduced. The next CFPR offers a great opportunity to implement a rebuilding program that would allow EU member States to substantially increase economic returns. This would mean that at the end of the next CFPR, most fish stocks would have recovered and the fishing industry could obtain positive resource rents, while maintaining employment and income in coastal communities.
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